Background. To explore the mechanisms that enable Klebsiella pneumoniae to survive in the gastrointestinal tract, we characterized the roles of the cad and tdc operons during the bacterial response to acid and bile stress.
cus tdcA is a positive regulator, which controls the tdc operon that is responsible for transport and anaerobic degradation of l-threonine.
In the present study, we characterized the transcriptional units of the cad and tdc operons of K. pneumoniae and investigated the role of these 2 amino acid metabolic systems in colonization of the gastrointestinal tract.
MATERIALS AND METHODS
Bacterial strains and culture conditions. A total of 74 clinical isolates of K. pneumoniae, comprising 42 strains that cause community-acquired pyogenic liver abscess and 32 strains that were not tissue-invasive, were collected from 1997 through 2003 at the National Taiwan University Hospital, as described elsewhere [18, 19] . K. pneumoniae and E. coli strains were cultured in Luria-Bertani (LB) medium and supplemented with appropriate antibiotics, including 100 mg/mL ampicillin, 50 mg/mL kanamycin, or 100 mg/mL chloramphenicol. The bacterial strains, plasmids, and primers used in this study are listed in Table 1 .
DNA manipulations. To generate the NTUH-K2044 isogenic deletion mutant strain, we cloned the flanking regions to the left and right of the sequences targeted for deletion into a temperature-sensitive vector, pKO3-Km [20] , and transformed the bacteria by means of electroporation [18] . The primer pairs for the deletion constructs are listed in Table 1 . For cis complementation, the intact cadC, cadBA, and tdcA genes or the tdcABCDE gene cluster were amplified by polymerase chain reaction (PCR) and cloned into the intergenic region of the 2 open reading frames, pgpA and yajO, in a pKO3-Km-pgpAyajO recombinant vector ( Table 1 ). The resulting plasmids were transformed into their corresponding isogenic mutant strains. All of the deletion mutant strains and complementation strains were confirmed by PCR and sequence determination.
Reverse-transcription PCR analysis. To identify the transcriptional units of the cad and tdc operons, total RNA was extracted from the NTUH-K2044 strain [19] , complementary DNA was prepared, and PCR was performed, as described elsewhere [18] .
LDC assay. Test strains were grown in Moeller decarboxylase broth (Difco) containing the decarboxylase basal medium and bromcresol purple indicator supplemented with 1% l-lysine, and the LDC activity was determined as described elsewhere [16] .
Stress-response assays. To assay the acid tolerance response, overnight cultures of each test strain were grown in LB broth to reach an optical density (at 600 nm) of 0.5. At this point, 1 mL of each diluted broth culture was centrifuged at 14,000 g for 90 min at 4ЊC, and the supernatants were removed by aspiration. Aliquots of cells were resuspended in either 1 mL of LB broth at a pH of 4.5 (hydrogen chloride; adapted) or 1 mL of LB broth at a pH of 6.9 (hydrogen chloride; unadapted) and subsequently grown at 37ЊC with aeration for 1 h. Then the adapted and unadapted cells were harvested, the supernatants were removed, and the cells were resuspended in 1 mL of LB broth (pH, 3.2; hydrogen chloride; acid shock). Viability of the cells was assayed before resuspension (at time ) and subsequently at 30, 60, and 90 min by making serial t p 0 dilutions in phosphate-buffered saline and plating onto LB agar plates. Plates were incubated overnight at 37ЊC, and viable cells were counted. The survival percentage was calculated by dividing the total number of viable cells after 30, 60, and 90 min by the initial number of viable cells at and multiplying t p 0 by 100.
Bile challenge assays used a crude ox bile extract (Sigma), which contained salts of taurocholic, glycocholic, deoxycholic, and cholic acids. For the growth assay, 2 mL of LB broth with bile added at various concentrations (1%, 2%, 5%, or 10% weight per volume) or without added bile were inoculated with cells, which were cultured overnight to a concentration of colony-forming units per milliliter. The subsequent cul- 7 4 ϫ 10 ture and growth detection were performed as described elsewhere [21] . Microarray hybridization and validation. Total RNA was purified with the RNeasy mini kit (Qiagen) from logarithmicphase cultures of the wild-type and cadC mutant K. pneumoniae strains in LB medium (pH, 6.9), then adapted for 1 h in LB medium supplemented with hydrogen chloride (pH, 4.5). Total RNA (40 mg) labeling, microarray hybridization, colorimetric detection, and densitometric analysis were performed and analyzed as described elsewhere [22, 23] . The expression level of 23S ribosomal RNA on each membrane was used as an internal standard for normalization. Subgroups of genes that were found by microarray hybridization to be highly up-regulated by CadC were randomly chosen and reconfirmed by reverse-transcription quantitative PCR, as described elsewhere [19] . Processed microarray data files have been deposited in the Center for Information Biology Gene Expression Database (http://cibex .nig.ac.jp; accession no. CBX106).
Quantitative real-time reverse-transcription PCR analysis. To measure the influence of acid or bile stress on the expression of the cad and tdc loci, total RNA from appropriate cultures of K. pneumoniae strains was first treated with DNase I (Qiagen) to remove any contaminating genomic DNA. A 400-ng sample of total RNA was reverse-transcribed and amplified by means of PCR monitored with SYBR green dye (Invitrogen) in an ABI 7900 thermocycler (Applied Biosystems). For each gene, the calculated threshold cycle (Ct) was normalized to the Ct of the 23S ribosomal RNA gene from the same complementary DNA sample before the fold change was calculated by use of the DDCt method [24] . In vivo competition. The cadCBA or tdcABCDE mutant strains and the fully virulent placZ deletion mutant strain were grown to the logarithmic phase in LB broth, mixed at a 1:1 ratio (initial dose, colony-forming units each) in 100 6 1 ϫ 10 mL of sterile saline, and inoculated intragastrically into 5-weekold BALB/c mice ( in each group). The experiments were n p 6 allowed to proceed until the mice died or were euthanized on the seventh day after inoculation, and the cecum and colon were removed and homogenized in 1ϫ phosphate-buffered saline. The concentrations of bacteria in each sample were determined by plating serial dilutions. Finally, the precise input and output ratio of the test strain to the virulent strain was determined for each inoculum by means of serial dilution and plating onto LB agar containing 1 mmol/L isopropyl-b-d-thiogalactopyranoside and 50 mg/mL X-gal. The plates were incubated overnight at 37ЊC, and the numbers of LacZ-positive and LacZ-negative colonies were counted. The output to input ratio of the test strain to the virulent strain, the competitive index, was interpreted as the colonization ability.
RESULTS
Sequence alignments of cad loci. The alignment of the DNA sequence was compared with the results of a full-genome search among enteric bacteria, and the gene alignment of the cad loci in K. pneumoniae appeared to be similar to that in E. coli strain CFT073 and avian pathogenic E. coli, which contain the genes cadC, cadB, cadA, yjdL, and lysS [25] . The lysU locus, but not the lysS locus, was located adjacent to and downstream of the yjdL locus in E. coli strains MG1655 and DH10B, whereas neither the lysU locus nor the lysS locus was linked to the yjdL locus in S. typhimurium [26] . The CadC proteins in K. pneumoniae and E. coli share 66% identity, whereas those in K. pneumoniae and S. typhimurium share 61% identity.
Transcriptional units of cad and tdc operons. The reversetranscription PCR reactions to determine the transcriptional units of the cad and tdc operons were performed with total RNA from the K. pneumoniae NTUH-K2044 wild-type strain as a template and primer pairs that hybridize within 2 consecutive open reading frames. These PCR reactions gave positive results for junctions c, d, and e in the analysis of the cad operon and positive results for junctions b, c, and d in the analysis of the tdc operon ( Figure 1A and 1B) . The results suggest that the 4 open reading frames, including cadB, cadA, yjdL, and lysS, belong to a single transcriptional unit; whereas cadC was transcribed independently. In the tdc region, tdcB, tdcC, tdcD, and tdcE belong to 1 transcriptional unit; whereas tdcA was transcribed separately. Lysine-decarboxylase activity of clinical isolates of K. pneumoniae. K. pneumoniae isolates that caused communityacquired pyogenic liver abscess and those that were not tissueinvasive were examined for the existence of LDC with Moeller decarboxylase broth containing 1% l-lysine. LDC activity was found in 94.6% of these clinical isolates of K. pneumoniae-a prevalence similar to that observed among isolates of E. coli. The prevalence of LDC activity was not statistically significantly different between the isolates that caused community-acquired pyogenic liver abscess and those that were not tissue-invasive (39 of 42 invasive isolates vs 31 of 32 noninvasive isolates;
; Fisher exact test). Three strains that caused P p .629 community-acquired pyogenic liver abscess (NTUH-A2716, NTUH-A4946, and NTUH-A5011) and 1 strain that was not tissue-invasive (NTUH-N3529) showed the LDC-negative phenotype, either because of deletions in the gene cadCBA or because of point mutations in the promoter of cadC (data not shown).
Role of the cadC gene and cad operon in lysine-decarboxylase activity. We constructed isogenic strains of K. pneumoniae NTUH-K2044 with deletions in the cadC, cadB, cadA, yjdL, and lysS genes. LDC activity was lost in mutant strains with deletions in either the cadC, cadB, or cadA genes but not in mutant strains with deletions in the yjdL or lysS genes. When the cadC mutant strain was complemented with the cadC gene located with its own promoter in the intergenic region of open reading frames pgpA and yajO, the LDC-positive phenotype was restored. However, in the cadA and cadB mutant strains, the LDC activity could be restored only by complementation with the intact cadBA gene (Figure 2 ), but not with the single cadA gene or cadB gene (data not shown). This result suggests that regulation of the cadBA genes by cis elements is critical for the activity of LDC in K. pneumoniae.
Role of cadC, the cad operon, and the tdc gene cluster during the response of K. pneumoniae to gastrointestinal stresses. To examine whether the K. pneumoniae NTUH-K2044 wildtype strain mounts an acid tolerance response, the survival of the acid-adapted NTUH-K2044 strain and that of the acidunadapted NTUH-K2044 strain after 30, 60, and 90 min of acid shock was determined ( Figure 3A ). Unadapted cells died rapidly, with !4.8% viability after 60 min of acid shock, whereas the survival rate of adapted cells was 64.9% after 90 min of acid challenge. In similar experiments, the cadC, cadB, and cadA mutant strains were killed rapidly after 30 min of acid shock; the rate of survival was !10% after 60 min of acid shock. The survival rates of the yjdL, lysS, and tdcABCDE mutant strains were comparable with that of the wild-type strain ( Figure 3B ).
To examine whether K. pneumoniae strain NTUH-K2044 could tolerate bile, we tested the growth of the NTUH-K2044 strain in LB broth containing various concentrations of bovine bile. The growth of the NTUH-K2044 strain was slightly increased with the addition of bile at a concentration of 1%, which is within the range of the physiological concentration of bile in the intestine (0.2%-2%) [27] . Addition of bile at a concentration of 10%, which is considered to be roughly equal to the concentration of bile in the gallbladder (∼8% [27] ), substantially impaired the growth of the NTUH-K2044 strain ( Figure 3C ). These results show the high tolerance of the NTUH-K2044 strain to bovine bile. To investigate whether the bile resistance phenotype was changed in the cad or tdc mutant strains, we compared their viabilities with that of the wild-type strain after 5 h of growth in LB medium with 5% bile concentration. There was no difference between the growth of the wild-type strain and that of the isogenic cadB, cadA, yjdL, or lysS mutant strains, whereas the cadC and tdcA mutant strains showed slightly reduced viability in comparison with that of the wild-type strain ( Figure 3D ). The differences in the relative growth rates between the wild-type strain and its isogenic cadC, tdcABCDE, and tdcA mutant strains were quite small, even after the bacteria were cultured for longer periods (8, 16 , and 24 h; data not shown).
Regulation by CadC of entire profile of transcription in K. pneumoniae. To clarify the regulatory function of CadC in K. pneumoniae, the results of the transcriptome analyses of the cadC mutant strain and the wild-type strain after acid adaptation were compared. Among a total of 2848 cloned sequences covering 99.9% of the entire genome sequence of the NTUH-K2044 strain, the expression of 531 cloned sequences was upregulated and that of 257 cloned sequences was down-regulated at a cutoff value of 10. Genes that were highly induced or repressed by CadC are listed in Table 2 . Transcription of the threonine dehydratase gene (tdcB) was more highly induced in the wild-type strain than in the cadC mutant strain. This result implies that the transcriptional regulation of the tdc locus might depend on CadC. In addition to the cad operon and tdc gene cluster, genes encoding some amino acid metabolism and iron transport systems, including potB, dadA, trpD, irp1, hmuR, and kfu, were also up-regulated by CadC. The validity of microarray results was reconfirmed by quantitative PCR. All randomly selected genes that were tested by quantitative PCR were in agreement with changes found by microarray analysis.
Transcriptional regulation of the cad and tdc operons in K. pneumoniae. We investigated the gene expression of the cad and tdc operons in the cadC and tdcA mutant strains by means of real-time reverse-transcription PCR. In the acidic environment, transcripts for the cadA, yjdL, lysS, tdcA, tdcB, and tdcE genes were detected at lower levels (!0.2-fold) in the cadC mutant strain than in the wild-type strain. However, the transcripts for the cadA, yjdL, and lysS genes were present in the tdcA mutant strain at levels similar to those in the wildtype strain. After acid adaptation, transcription of the tdcB and tdcE genes in the tdcA mutant strain was down-regulated by 0.3-fold, compared with that in the wild-type strain. In the cadC or tdcA complementation strains, transcription of the cad operon and tdc loci were restored ( Figure 4A and 4B) . The transcripts of the cadA, yjdL, lysS, and tdcA genes in the adapted wild-type strain were increased 50-, 17-, 12-, and 2-fold, respectively, compared with that in the unadapted strain ( Figure  4C ). Once the bacteria encountered the stress of a 5% bile concentration, a 2-6-fold increase in the expression of the cadC, tdcA, tdcB, and tdcE genes was observed in the wild-type strain. Under bile stress, the transcription of the tdcB and tdcE genes in the tdcA mutant strain was down-regulated by 0.2-fold, compared with that in the wild-type strain, but the increased transcription of the tdcA, tdcB, and tdcE genes that was induced by a 5% bile concentration was not affected by the deletion of the cadC gene ( Figure 4D) .
Role of the cad and tdc loci in virulence during K. pneumoniae infection. We inoculated mice with the isogenic cadCBA, . Data shown are the means of 3 independent trials, and the error bars show the SDs. C, Sensitivity of the NTUH-K2044 WT t p 0 strain to bile stress. D, Sensitivities of the cad, yjdL, lysS, and tdc mutant strains to bile stress. Overnight cultures were inoculated into Luria-Bertani (LB) broth containing a 1%, 2%, 5%, or 10% (weight per volume) concentration of bile salts or LB broth alone. The cultures were incubated aerobically at 37؇C for 5 h. Cell growth was monitored by measuring the absorbance at 620 nm of bacteria cultured in LB broth containing bile and comparing it with the absorbance of control cultures in broth without bile. * and ** for the growth rate relative to that of the WT strain; the other P ! .05 P ! .01 mutant strains showed no statistical significance ( ; Student t test). Data shown are the means of 3 independent trials, and the error bars P у .05 show the SDs. yjdL, lysS, or tdcABCDE mutant strains. No difference was observed in virulence between mice infected with the wild-type strain and those infected with any individual isogenic mutant strain (data not shown). We generated an isogenic lacZ mutant strain with its promoter deletion and used it as the wild-type strain in the competition assay. The results of previous studies indicated that K. pneumoniae was mainly recovered from the intestine in the cecum and colon parts of inoculated mice [21] . To ensure that there was no effect of the placZ mutation itself on colonization, we first assessed the competitive index of the wild-type strain and placZ mutant strain in the intestines of BALB/c mice. No competitive advantage was observed for either strain (competitive index, ). Next, the fully vir-0.915 ‫ע‬ 0.380 ulent placZ mutant strain was coinoculated with lacZ-positive cadCBA or tdcABCDE mutant strains. Both the cadCBA and tdcABCDE mutant strains showed competitive indices of !0.15 ( Figure 5 ).
DISCUSSION
In this study, we demonstrated that the cad and tdc operons were single transcriptional units and that cadC and tdcA, the transcriptional regulators, were transcribed separately from the cad or tdc operons. The alteration of transcription of both the cad and tdc operons in acidic conditions depended on CadC. Transcription of the cad operon was regulated by CadC but not by TdcA. Both under bile stress and in acidic conditions, the transcriptional regulation of the tdc operon depended on TdcA. The LDC-positive phenotype was a major characteristic of K. pneumoniae, and cad mutant strains were sensitive to acid, whereas tdc mutant strains were not. Both the cadC and tdcA mutant strains were sensitive to bile. The competition indices of the cadCBA and tdcABCDE mutant strains were decreased, which indicates that the ability of these mutant strains to spread and colonize the mouse intestine was markedly impaired, compared with that of the parent strain. We conclude that the cad and tdc loci played a role in stress adaptation when K. pneumoniae was exposed to acid or bile challenge and contributed to survival in host tissues, enhancing pathogenicity. The results of previous studies have indicated that the transcripts of the cad genes differed among different bacteria. In E. coli, the cad genes encoded only a bicistronic transcript [25] , whereas in V. cholerae and V. parahaemolyticus they produced 3 transcripts comprising cadBA, cadB, and cadA [8, 9, 17] . However, there was no predicted putative promoter located upstream of the yjdL gene in K. pneumoniae, and the cad operon encoded a tetracistronic transcript. The YjdL protein encoded an uncharacterized peptide transporter of the proton-dependent oligopeptide transporter family. On the basis of the similarity in sequence, it has been suggested that YjdL might function as a proton-dependent peptide transporter for lysine transportation [28] . The tdcA regulator and tdc operon were each transcribed separately in E. coli and K. pneumoniae. However, unlike the tdcBCDEFG operon in E. coli, the Klebsiella tdc operon lacks the tdcF and tdcG genes [29] . In addition, a separate tdcR regulator existed and was also required for expression of tdc in E. coli, but it was not found in K. pneumoniae [30] .
In agreement with previous findings, we observed that when K. pneumoniae was adapted to mildly acidic conditions, it could survive exposure to a harsh acid shock, which has been attributed to its ability to mount an acid tolerance response [21] . Survival in the gastrointestinal tract also implies that the bacteria are able to resist bile stress. It is becoming increasingly clear that bile affects the virulence properties of intestinal pathogens [27] . We have demonstrated that K. pneumoniae possesses the ability to survive the concentrations of bile that are encountered in the intestine and that the CadC and TdcA reg- Figure 4 . Effect of mutations in the cadC or tdcA genes on cad and tdc transcription in the wild-type (WT) strain, cadC and tdcA mutant strains, and their complementation strains. A, Quantitative real-time expression of the cad and tdc genes in response to acid adaptation in the WT strain (black bars), the cadC mutant strain (white bars), and its complementation strain (gray bars). B, Quantitative real-time expression of the cad and tdc genes in response to acid adaptation in the WT strain (black bars), the tdcA mutant strain (white bars), and its complementation strain (gray bars). C, Real-time reverse-transcription polymerase chain reaction analysis of cad and tdc transcriptional induction following acid adaptation (pH, 4.5) in the WT strain (white bars). D, Induction of cadC and tdc expression in response to bile salt in the WT strain, cadC mutant strain, and tdcA mutant strain. Total RNA was extracted from cultures grown after 5 h of treatment with bile, as described in Materials and Methods. Fold changes in the expression of the cad and tdc genes with respect to the WT strain cultured in Luria-Bertani (LB) broth alone (white bars) are shown for the WT strain (black bars), cadC mutant strain (dark gray bars), and tdcA mutant strain (light gray bars). Data shown are means of 3 independent trials, and the error bars represent the standard deviations.
ulators play a role in the adaptation to this stress. The K. pneumoniae cadC mutant strain was more sensitive to acid than the wild-type strain. Under acid induction, CadC was essential in up-regulating the expression of the LDC gene (cadA) and the tdc operon. LDC was confirmed to be essential in the acid tolerance response; this result was in agreement with those observed for other enteric bacteria [8, 9, 16, 31] . Both the cadC and tdc mutant strains were more sensitive to bile than the wild-type strain. Therefore, both the cadC gene and the tdc gene cluster of K. pneumoniae are involved in bile tolerance.
In E. coli, S. typhimurium, and K. pneumoniae, LDC activity was found to be induced by acid and lysine. Transcription of cadC was induced by acid in S. typhimurium, whereas the expression of cadC was constitutive in E. coli and K. pneumoniae [14, 16] . However, cadC transcription in K. pneumoniae was induced by bile. That might occur because CadC senses lysine and acid, but not bile, via the physical interaction with the lysine permease LysP [32] . Previous work demonstrated that in addition to the sudden change of oxygen tension from aerobic to anaerobic conditions, the global regulatory proteins, such as cyclic AMP receptor protein, integration host factor, and the operon-specific transcriptional activators, all influence expression of the tdc operon [33] [34] [35] . In K. pneumoniae, the acid response of the tdc operon depended on both CadC and TdcA, whereas the acid response of the cad operon depended on CadC only. The bile response of the tdc operon depended only on TdcA.
The bacterial messenger RNA isolated from the intestinal tissues of mice (in vivo) were too low to produce stable hybridization signals on the array [36] ; therefore, transcriptomes were not studied in vivo. Previous studies demonstrated only that the regulation of the cadBA operon was dependent on CadC [14] . Another finding of the present study is that CadC played a role in global regulation during the adaptation to acid (in vitro) by K. pneumoniae. The proteins up-regulated by CadC in S. typhimurium included outer membrane proteins (OmpC and OmpF) and some regulatory proteins; the proteins downregulated by CadC were responsible for glycolysis and protein folding [16] . However, most of the genes induced by CadC in K. pneumoniae contributed to amino acid metabolism and iron transport systems, and most of the genes repressed by CadC involved energy production and conversion. Therefore, we hypothesize that in K. pneumoniae, CadC may perform different functions from those performed by CadC in S. typhimurium.
